Hypoxia is a prominent microenvironment feature in a range of disorders including cancer, rheumatoid arthritis (RA), atherosclerosis, inflammatory bowel disease (IBD), infection and obesity. Hypoxia promotes biological functions of fibroblastlike synoviocytes via regulating hypoxia-inducible factor 1a (HIF1a). Dysregulated protein citrullination in RA drives the production of antibodies to citrullinated proteins, a highly specific biomarker of RA. However, the mechanisms promoting citrullination in RA are not yet fully elucidated. In this study, we investigated whether pathophysiological hypoxia as found in the rheumatoid synovium modulates the citrullination in human fibroblast-like synoviocytes (HFLS). Here, we found that peptidylarginine deiminase 2 (PAD2) and citrullinated proteins were increased in HFLS after exposure to hypoxia. Moreover, knocking down HIF1a by HIF1a siRNA ameliorated the expression of PAD2 and citrullinated proteins. Collectively, this study provides a new mechanism involved in generating citrullinated proteins: hypoxia promotes citrullination and PAD production in HFLS. Concurrently, we also proposed a novel hypoxia involved mechanism in RA pathogenesis. This study deepens our understanding of the role of hypoxia in the pathogenesis of RA and provides a potential therapeutic strategy for RA.
| INTRODUCTION
Rheumatoid arthritis (RA), characterized by hyperplastic synovial pannus and bone destruction, is an autoimmune disease of uncertain aetiology affecting 0.2-2% of the population in the world. 1, 2 In China, there are approximately 4 million patients with RA. 3, 4 Not only is the work capacity of patients dramatically compromised, 5 but RA also causes a substantial economic burden on patients and society. 6 Although the aetiology of RA is not fully understood, hypoxia has been proved to be involved in RA. Early in the 1970s, significantly lower oxygen tensions in synovial fluids were observed in patients with RA in contrast to osteoarthritis (OA) patients. 7, 8 The high metabolic demand and rapid growth of synovial membrane in inflammatory synovial tissues led to the low oxygen state in RA joints. 9 Studies have shown that hypoxia is involved in the pathogenesis and progression of RA by promoting inflammatory cytokines secretion, angiogenesis and cartilage destruction, and most likely through regulating HIF1a. 9 Fibroblast-like synoviocytes (FLS) constitute the major cells in the intimal lining of the synovium and contribute significantly to the initiation and perpetuation of destructive joint inflammation. 10 The pathogenic potential of FLS in RA results from their ability to express inflammatory cytokines and mediators as well as a wide range of adhesion molecules and matrix-modelling enzymes.
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Anticitrullinated protein antibodies (ACPAs) are highly specific biological markers for RA and can pre-date clinical disease onset by up to 10 years, implicating an early role for the immune recognition of citrullinated proteins in disease aetiology. 10, [12] [13] [14] It is believed that these ACPAs are produced locally in the inflamed synovium. 15, 16 Previous studies have confirmed the presence of several citrullinated proteins in synovial tissues of patients with RA, [17] [18] [19] including fibrinogen, 18 vimentin 20, 21 and so forth. These data supported the hypothesis that distinct citrullinated proteins present in the inflamed synovium may be involved in the induction of ACPAs. Citrullinated proteins are generated by a post-translational deimination of peptidylarginine by a family of Ca 2+ -dependent enzyme peptidylarginine deiminase (PAD). 22 Several isotypes of PAD exist, each with different tissue distribution. PAD2 and PAD4 are most important as they are widely expressed in synovial tissues. 23, 24 Accumulating evidence showed that citrullination of multiple proteins serves as a potential driver in RA disease. 25 Citrullination may initiate at extra-articular sites before disease onset, such as lungs of smokers and periodontal tissue infected with Porphyromonas gingivalis. Once immune tolerance is broken, citrullinated autoantigen is generated in the joints and contributes to ACPA development in individuals with a genetic predisposition to develop RA. 25, 26 However, little is known regarding factors that control the production of citrullinated proteins in the joints. Previous studies have proved that hypoxic condition greatly increased the production of citrullinated proteins in several cell types. 27, 28 In this study, we demonstrate for the first time that hypoxic conditions cause increases in PAD and citrullinated proteins in HFLS, most likely through the upregulation of HIF1a.
| MATERIALS AND METHODS

| Cell culture
The human fibroblast-like synoviocytes (HFLS) were bought from Cell Applications Inc (408 K-05a; San Diego, CA, USA). The cells were maintained in a standard high glucose DMEM (Gibco, USA) containing 10% foetal bovine serum(FBS) (Gibco), 100 U/mL penicillin (Gibco) and 100 lg/mL streptomycin (Gibco). HFLS were incubated in a hypoxic chamber (HERACELL 150i; Thermo, USA) at 5% CO 2 â AQ ueous One Solution Reagent containing 100 lL of culture medium was added to each well of the 96-well assay plate for 2 h. Finally, the absorbance at 490 nm was read using a microplate reader (Thermo).
| Cell migration assays
Cell migration was determined using 6.5-lm Transwell chambers with 8-lm pores (Corning, USA). Briefly, 1 9 10 4 cells in 100 lL DMEM were added to the top chambers of Transwell plates in triplicate, and the lower chambers were filled with 600 lL DMEM containing 10% FBS. After culturing in an incubator for 24 h, cells were fixed with 4% paraformaldehyde solution for 30 min at room temperature. After washed three times with PBS, the cells were stained with 0.1% crystal violet (Merck Millipore, USA) solution for 30 min at room temperature. The non-migrating cells were removed from the upper surface by cotton swabs. Pictures of Migrated cells were captured using Nikon ECLIPSE Ti-S microscopy (Nikon, Japan). The number of migrated cells was counted in five representative microscopic fields (9200 magnification).
| Enzyme-linked immunosorbent assay (ELISA)
Cell supernatants collected from cell culture experiments were stored at À80°C until analysed. Cytokine concentrations in the culture supernatants were measured using ELISA kits according to the protocols provided by the manufacturers. IL-6 and IL-8 ELISA kits were obtained from eBioscience (San Diego, CA, USA). Absorbance values were acquired using a microplate reader (Thermo).
| Knockdown of HIF1a by siRNA transfection
HIF1a siRNA was designed and purchased from Ribobio Company (China). Lipofectamine ™ RNAiMAX (Invitrogen, USA) was used as transfection reagents. HIF1a siRNA and the control scrambled siRNA were transfected into HFLS according to the manufacturer's instructions, respectively. Briefly, 5 9 10 4 cells were planted in 6-well plates per well overnight and starved with DMEM free of antibiotics and FBS for 6 h and then were transfected with 5 lL siRNA mentioned above using an equal volume of Lipofectamine ™ RNAiMAX for 10 h. HFLS were then maintained in DMEM with 10% FBS. RNA and protein were collected 24 h and 48 h later, respectively, for the following experiments.
| RNA extraction and real-time quantitative PCR
Total RNA was extracted using TRIzol reagent (Invitrogen), and 1 lg of total RNA was reversely transcribed into cDNA 
| Protein extraction and Western blotting
Cell samples were lysed with 29 Laemmli sample buffer (Bio-Rad, USA), for the RIPA lysis buffer might degrade HIF1a. A total of 60 lg of proteins were loaded onto a 10% sodium dodecyl sulphate (SDS)-polyacrylamide gel and electrophoretically transferred to polyvinylidene fluoride membranes (PVDF; Merck Millipore). After blocking with 5% milk for 2 h, membranes were incubated with specific antibodies with indicated dilutions for 12-16 h at 4°C. The membranes were scanned using Odyssey Sa Imaging System (LI-COR Biosciences, USA). The rabbit polyclonal anticitrulline antibody (Millipore, 07-377) was used in this study to detect the expression of citrullinated proteins as previously described. 29 Other primary antibodies and dilutions were used as follows: antibodies against HIF1a (Abcam, ab113642, 1:1000), PADI2 (Abcam, ab50257, 1:200), PADI4 (Abcam, ab50247, 1:200), GAPDH (zsjqbio, China, 1:5000).
| Statistical analysis
Data were analysed using SPSS 17.0. Mann-Whitney U test or Student's t test was used to compare differences between two groups. A P-value <.05 was considered to indicate a statistically significant difference.
3 | RESULTS
| HFLS exhibited hypoxia-modulated biological characteristics
We first analysed the biological functions of HFLS after exposure to hypoxia. The cell proliferation was detected using MTS assay. As shown in Figure 1A , the proliferation of HFLS was significantly increased after exposure to hypoxic condition at different times. Migration assay was conducted using Transwell chambers to evaluate the potential effect of hypoxia on HFLS migration. After being cultured for 24 h, migration of HFLS was increased significantly in hypoxic condition ( Figure 1B) . The ability to secrete inflammatory cytokines is a critical pathogenic feature of HFLS in RA. Therefore, the effect of hypoxia on HFLS in secreting cytokines was evaluated by detecting the cytokines in the supernatants of cells. Some representative cytokines were detected, such as IL-6 and IL-8. The results showed hypoxia greatly increased the concentrations of IL-6 and IL-8 ( Figure 1C ).
| Peptidylarginine deiminase 2 was increased in hypoxic HFLS
PAD2 and PAD4 are key regulatory enzymes of citrullination in HFLS. We first detected the expression of PAD2 and PAD4 after exposure to hypoxic condition. The cells were harvested for RT-PCR and immunoblot analysis at indicated times. As shown in Figure 2A , RT-PCR results showed that hypoxia promoted the production of PAD2 in HFLS (Figure 2A ), which was confirmed by immunoblot analysis ( Figure 2C ), whereas, for PAD4, we only detected a slight increase after exposure to hypoxic condition for 6 h, which did not reach a statistically significant. After exposure to hypoxia for 24 h, the expression of PAD4 was surprisingly decreased (Figure 2B ), and the relative expression of PAD4 mRNA in this study is very low. The protein levels of PAD4 were not even detectable, although several time points were tried (data not shown).
| Citrullinated proteins were increased in hypoxic HFLS
Citrullinated proteins are highly expressed in synovial tissue and have been proved to be increased in hypoxic conditions in astrocytes and malignant glioma cells.
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Hence, we tried to find out whether citrullinated proteins are increased in hypoxic HFLS. Immunoblot results showed citrullinated proteins were significantly increased in HFLS after being cultured in hypoxic condition for 24 h and 48 h, as compared to those cultured in normoxic condition ( Figure 2D ).
| Inhibition of HIF1a pathway decreased hypoxia-induced PAD2 and citrullination
To confirm the role of HIF1a in hypoxia-induced upregulation of PAD2 and citrullination, HIF1a was knocked down using HIF1a siRNA, which was first confirmed by PCR and immunoblot ( Figure 3A) . Two valid HIF1a siRNA were used for the following experiments: HIF1a siRNA-1 and HIF1a siRNA-3. Blocking the HIF1a signal pathway using HIF1a siRNA significantly inhibited the production of PAD2; these were confirmed using PCR and immunoblot ( Figure 3B,C) .Moreover, blocking HIF1a ameliorated the production of citrullinated proteins (Figure 4 ).
| DISCUSSION
RA is characterized as abnormal synovial hyperplasia with marked pannus formation and subsequent invasion and destruction of cartilage and bone, and finally results in joint dysfunction. For the treatment of RA, the target is sustained remission or low disease activity in every patient. Fibroblast-like synoviocytes, as the vital part of synovium, play a key role in RA pathogenesis by driving cartilage destruction and perpetuating inflammation. 11 Although the molecular mechanisms are not fully understood, hypoxia and citrullination have been implicated in the pathogenesis of RA and have attracted much attention in the past decade. 9, 19, [30] [31] [32] Citrullinated proteins can be found at extraarticular sites, such as the lung, and the periodontal tissue, under the stimulating of smoking, and infections. [33] [34] [35] [36] However, it is believed that only citrullinated proteins in the joints drive and fuel the ongoing autoimmune response in F I G U R E 1 HFLS exhibit hypoxia-modulated biological characteristics. HFLS were cultured in hypoxia environment. A, The cell proliferation rates were analyzed using MTS assay after exposed to hypoxia for 24 h, 48 h and 72 h. B, The migration of HFLS after exposed to hypoxia for 24 h. The pictures were captured at 9200 magnification. C, The HFLS were cultured in 96-well plate for 48 h, and the cytokines were detected in the supernatants by ELISA. *P < .05 RA. 25, 37 A wide range of citrullinated proteins have been identified within the synovial compartment and recognized by ACPA, including proteins like collagen, vimentin, fibrinogen and so on. [17] [18] [19] [20] [21] 38 Nevertheless, mechanisms implicated in generating citrullinated proteins in RA are not fully understood. Previous studies have prompted that hypoxia contributes to citrullination in astrocytes and malignant glioma cells. 27, 28 Therefore, further clarification of the potential role of hypoxia on citrullination in the human fibroblast-like synoviocytes is of great importance.
To clarify this question, the HFLS were cultured in hypoxic conditions. We found that hypoxia induced the production of PAD2 and citrullinated proteins in HFLS, whereas PAD4 only responded to hypoxia in early times. The results were consistent with previous studies, which showed hypoxia contributed to citrullination in astrocytes and malignant glioma cells. 27, 28 Citrullination is tightly regulated by PAD activation under physiologic conditions. Any factors that promote dysregulated PAD activation will lead to the generation of excessive citrullinated proteins. 25 Previous studies have revealed several mechanisms of cell death implicated in PAD activation and citrullination in RA, including autophagy, NETosis, necrosis and leukotoxic hypercitrullination (LTH). 25 Recent studies reported that PADs were dramatically increased by hypoxia in other diseases. 27, 28 In our study, we found that hypoxia promoted PAD2 expression in HFLS and ultimately contributed to the generation of citrullinated proteins. This novel pathophysiological role of hypoxia involved in RA has not been identified in previous studies.
Considering that hypoxia plays a biological role mainly through regulating HIF1a, 9, 30 we knocked down HIF1a using HIF1a siRNA to explicit the exact mechanism. The PAD2 and citrullinated proteins were significantly decreased after knocked down HIF1a. This is consistent with Sase's study, which revealed that PADs were upregulated by hypoxia in a HIF1a-dependent manner in U-251 MG cells. 28 Collectively, our data suggest that hypoxia promotes the production of citrullinated proteins via regulating HIF1a. HIF1a, a transcription factor that responds to reduced oxygen tension, is believed to have a central role in adaption to the hypoxic environment. Accumulating evidence proved that hypoxia and HIF1a regulate a number of pathophysiological characteristics of RA, including synovitis, angiogenesis, cartilage degradation and bone erosion. 30, 32, 39, 40 HIF1a
has also been supposed to be a potential therapeutic target for RA. 41 In the present study, we found inhibiting HIF1a significantly decreased the production of citrullinated F I G U R E 2 Hypoxia increases the production of PAD2 and citrullinated proteins in HFLS. A, HFLS were exposed to hypoxia for 6 h and 24 h, respectively, and then, total RNA was exacted. The mRNA levels of PAD2 were detected by RT-PCR. B, The mRNA levels of PAD4 were detected by RT-PCR. C, The protein levels of PAD2 were detected by Western blotting after exposed to hypoxia for 24 h and 48 h. D, Citrullinated proteins in HFLS were detected by Western blotting after exposed to hypoxia for 24 h and 48 h. *P < .05, **P < .01, ***P < .001
proteins, which provides us a novel mechanism of targeting HIF1a as a treatment for RA.
To the best of our knowledge, this is the first evidence showing that hypoxia upregulates citrullination in HFLS via regulating HIF1a, and thus, we propose a novel hypoxia involved mechanism of RA. However, this study also has some limitations. For the limiting of the methods, 42 we did not identify which kinds of proteins were citrullinated. For further study, we are prepared to determine the effects of PAD and citrullinated proteins augmentation on the function of HFLS in the near future.
In conclusion, we provide a new pathway of generating citrullinated proteins: hypoxia induced the production of PAD2 and citrullinated proteins in HFLS. The present study deepens our understanding of the role of hypoxia in the pathogenesis of RA and provides a potential therapeutic strategy for RA.
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F I G U R E 3 Inhibition of HIF1a
decreases hypoxia-induced peptidylarginine deiminase 2. A, The HFLS were transfected with HIF-1a siRNA or the control scramble siRNA. After culturing for 24 h or 48 h, the cells were collected. The HIF-1a knockdown efficiency was tested by PCR (left) and Western blotting(right). Two effective siRNA were chosen for the following experiments: HIF-1a siRNA-1 and HIF-1a siRNA-3. B, The expression of PAD2 in HFLS after knocking down HIF1a was detected at mRNA levels (right), and the HIF-1a knockdown efficiency was confirmed simultaneously (left). C, The protein levels of PAD2 in HFLS after knocking down HIF-1a were detected by Western blotting. *P < .05 F I G U R E 4 Inhibition of HIF1a decreases hypoxia-induced citrullinated proteins. The expression of citrullinated proteins in HFLS after knocking down HIF-1a was detected by Western blotting. *P < .05
